Depending on the feedstock and the production method, the composition of syngas can include (in addition to H 2 and CO) small hydrocarbons, diluents (CO 2 , water, and N 2 ), and impurities (H 2 S, NH 3 , NO x , etc.). Despite this fact, most of the studies on syngas combustion do not include hydrocarbons or impurities and in some cases not even diluents in the fuel mixture composition. Hence, studies with realistic syngas composition are necessary to help in designing gas turbines. The aim of this work was to investigate numerically the effect of the variation in the syngas composition on some fundamental combustion properties of premixed systems such as laminar flame speed and ignition delay time at realistic engine operating conditions. Several pressures, temperatures, and equivalence ratios were investigated for the ignition delay times, namely 1, 10, and 35 atm, 900-1400 K, and / ¼ 0.5 and 1.0. For laminar flame speed, temperatures of 300 and 500 K were studied at pressures of 1 atm and 15 atm. Results showed that the addition of hydrocarbons generally reduces the reactivity of the mixture (longer ignition delay time, slower flame speed) due to chemical kinetic effects. The amplitude of this effect is, however, dependent on the nature and concentration of the hydrocarbon as well as the initial condition (pressure, temperature, and equivalence ratio).
Introduction
Synthetic gas or syngas, a gaseous mixture composed ideally of CO and H 2 , can be produced from a large variety of feedstock (coal, biomass, waste, and natural gas) and production methods. These characteristics make syngas an attractive fuel to produce clean energy efficiently, with fuel supply flexibility and security for power systems such as gas turbines. However, this large variety of feedstock and production methods induces a large variation in the syngas composition where, in addition to CO and H 2 , can be found reasonable amounts of small hydrocarbons, CO 2 , H 2 O, N 2 , and impurities such as NH 3 , HCN, COS, NO x , and H 2 S.
A literature survey on the two types of feedstock considered for this study, coal and biomass, highlighted this high variation in the syngas composition. For instance, a total of 23 different compositions were found for a real biomass-derived syngas where the H 2 mole percentage varies between 5 and 50.4% and the CO percentage between 8.1 and 50% [1] [2] [3] [4] . Overall, the average CO/H 2 mole ratio in these bioderived syngases was 50/50. Several other compounds such as N 2 , CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , CO 2 , H 2 O, and impurities such as NH 3 , NO x , and SO 2 have been reported as well. The same exercise has been done for a coal-derived syngas with an average composition determined from 40 real, coal-syngas mixtures [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The H 2 /CO mole ratio was determined to be 40/60 for this average coal-syngas. It has been found that the proportion of hydrocarbons was typically higher for the biomassderived syngas and that the impurities can be different among specific blends. This trend was confirmed by the study of Xu et al. [15] , where the nature and maximum concentration of hydrocarbons and contaminants reported in the literature were listed for both types of syngas. Although the laminar flame speed (S L ) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and ignition delay time (s ign ) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] of basic H 2 /CO mixtures have been investigated thoroughly in recent years, there is very little information on the fundamental combustion of more complex and realistic mixtures. Thus, only the influences of CO 2 [20, 26] , steam [17] , and nitrogen [25] on flame speed have been studied whereas the addition of hydrocarbons to a H 2 /CO mixture is still an area requiring investigation. For the ignition delay time, except for a recent study on an average bio-syngas mixture by the authors [38] , only CO 2 addition effects have been investigated over the past few years [38] [39] [40] . Results from Ref. [38] showed that the composition of the syngas can induce noticeable variations in s ign , especially at temperatures above 1250 K and for pressures of 12.5 atm or lower, indicating a need for more studies on the effect of syngas composition on combustion properties such as ignition delay time.
Consequently, because of this lack of experimental background on realistic syngas blends, it is difficult for gas turbine manufacturers to design engines that can operate efficiently and safely with this wide range of fuel compositions. Using a state-of-the-art C0-C5 detailed kinetics mechanism, the aim of this study was to investigate numerically the effect of syngas composition on some fundamental combustion properties of premixed systems, such as laminar flame speed and ignition delay time, at realistic engine operating conditions.
More specifically, the present paper focuses on the effect of the presence and concentration of hydrocarbon addition to baseline (CO/H 2 ) coal-and biomass-derived syngases. Details on the modeling procedure and mixtures investigated are covered first, followed by the results. A discussion of the results with emphasis on the significant reactions is provided in the latter portion of the paper.
Modeling Procedure
The detailed chemical kinetics model used herein is based on the C0-C5 mechanism developed at the National University of Ireland, Galway (NUIG) [41] . Note that the flame speed calculations were performed using the high-temperature version of the NUIG model, where low-temperature species (peroxy radicals, alkyl hydroperoxides, ketohydroperoxides, etc.) and reactions were removed. The complete mechanism comprises 1805 reactions and 316 species, while the high-temperature mechanism consists of 188 species and 1273 reactions.
Mixtures Investigated
To investigate the effect of hydrocarbons on the combustion properties of interest herein (ignition delay time and laminar flame speed), the first two mixtures studied were the neat, baseline CO/ H 2 mixtures in air for the coal and bioderived syngas (60/40 and 50/50 (mole ratio), respectively). The hydrocarbons (CH 4 , C 2 H 6 , C 2 H 4 , and C 2 H 2 ) were then individually added to these baseline mixtures to study their respective influence on the combustion properties at the maximum proportions that one would find them in the respective two types of syngas.
Averaged mixtures were then defined and studied for the coaland bio-derived syngases (base H 2 /CO, hydrocarbons, and diluents). The composition of the mixtures investigated in this study is provided in Table 1 for the bio-derived syngas and in  Table 2 for the coal-derived syngas.
Ignition delay time computations were performed at 1, 10, and 35 atm between 900 and 1400 K and at equivalence ratios / ¼ 0.5 and 1.0. The ignition delay time was determined using the step rise in the pressure signal, which occurs at the ignition, as visible in Fig. 1 . Flame speed computations were performed at 1 and 15 atm, between / ¼ 0.5 and 3.0, and for unburned gas temperatures (Tu) of 300 and 500 K.
Model Validation
Several base mechanisms are available in the literature, each of these mechanisms being validated against a large body of data. However, as mentioned in the introduction section, there are very few experimental results available on realistic syngas compositions. Thus, the recent bio-syngas shock-tube results presented in Ref. [38] were used to benchmark the detailed kinetics mechanisms available. Figure 2 shows the data from Ref. [38] and the results provided by the kinetics model from NUIG [41] , the mechanism from Wang and coworkers (referred to as USC hereafter) [42] , and the mechanism from Petrova and Williams [43] (SD). As can be seen, the NUIG model is closer to the data at around 1.6 atm, more particularly below 1250 K, where the other models deviate from the experimental results. At around 12.5 atm, all the models deviate from the data above 1325 K. Below this temperature, the model from NUIG is on top of the experimental values while the mechanisms from USC and SD slightly under-and over-predict s ign , respectively. At around 32 atm, the NUIG model is very close to the data over almost the entire range of This result demonstrates the relevance of the mechanism used in this study to conduct a numerical investigation for the temperature and pressure range relevant to gas turbines.
Results
In this section, the results are presented as follows. The calculations for the neat baseline mixtures (CO and H 2 only) are discussed first, followed by the effect of the additional hydrocarbons. In the final section, the averaged syngas mixtures including all species are considered. For each general category, the ignition delay time results are discussed first, followed by the laminar flame speed results.
Neat Baseline Mixtures
Ignition Delay Time. Since the CO/H 2 mole ratio can vary significantly for bio-derived and coal-derived syngases, the evolution of s ign with the temperature was investigated for two extreme mixtures, 75H 2 /25CO and 25H 2 /75CO. As can be seen in Fig. 3 , even if the difference in s ign can be relatively important between these two extremes, the trends for each pressure condition are the same, indicating that the H 2 chemistry is dominating. A similar conclusion was reached for various H 2 /CO syngas mixtures in Refs. [31, 32] . The effects of hydrocarbon addition on the shape of the ignition delay time plots, as seen later in this study, are therefore primarily due to the effect of these additions on the H 2 chemistry.
Another thing that can be observed in Fig. 3 is the important pressure effect on s ign . Indeed, ignition delay times can actually be shorter at 1 atm than at 10 and 35 atm, depending on the temperature, and a crossover between the results at 10 and 35 atm can also be observed at around 1100 K. All these pressure/temperature behaviors are in fact due to the well-known competition between a few reactions in the H 2 chemistry, as documented in K eromnès et al. [33] and discussed later.
The effect of / on s ign was also investigated for the baseline coal-and bio-derived syngases. A complete discussion of these and other results, not covered in the present paper, are available in the full version of this work presented in the original conference version of this paper [44] . Results (visible in Ref. [44] ) show that there is nearly no effect of / at a pressure of 1 atm. However, for pressures above 1 atm, it can be seen that s ign are lower at / ¼ 1 than at / ¼ 0.5, especially on the low-temperature side of the graph, where a reduction in s ign larger than 33% is observed.
Laminar Flame Speed. The effect of the baseline CO/H 2 mixtures on the laminar flame speed was also investigated. Figure 4 presents the results obtained at 1 and 15 atm for inlet temperatures of 300 and 500 K, respectively. As can be seen, the difference between a 50CO/50H 2 (bBiosyn) and a 60CO/40H 2 (bCoalsyn) mixture can be relatively important, especially at fuel rich conditions. Not surprisingly, the blend with the lower amount of H 2 has the lower S L , but the difference can be up to 45 cm/s.
Hydrocarbon Addition to the Baseline Mixtures
Ignition Delay Time. The effect of hydrocarbon addition on the baseline bio-derived syngas is visible in Figs. 5 (1 atm), 6 (10 atm), and 7 (35 atm). At 1 atm, the addition of hydrocarbons tends to increase s ign over the entire range of temperatures. However, one can notice that a small decrease in the ignition delay time can be observed when C 2 H 2 is added. Additions of methane seem to generally reduce the reactivity of the mixture on the hightemperature side of the curve, whereas C 2 H 6 and C 2 H 4 reduce the [38] and models from the literature reactivity on the low-temperature side. For the fuel mixture with all the hydrocarbons together, at their highest concentrations (bBiosyn-HC mixture), it can be seen that the effects of the hydrocarbons are cumulative, with s ign similar to the bBiosyn-C 2 H 4 mixture on the low-temperature side and similar to the bBiosyn-CH 4 mixture on the high-temperature side.
At higher pressures, 10 and 35 atm (Figs. 6 and 7), it can be seen that the addition of hydrocarbons impacts s ign on the hightemperature side only, above 1100 K. A small increase in the mixture reactivity is still observed with the 0.7% C 2 H 2 addition whereas the curvature induced by the H 2 chemistry for the neat baseline mixture (bBiosyn) is reduced by the other hydrocarbons as the ignition delay time is increased. At these high pressures, the ignition delay times of the bBiosyn-HC and bBiosyn-CH 4 mixtures are very close. The effect of pressure and / on the bBiosyn-HC mixture was also investigated in Mathieu et al. [44] . Results showed that the effect of the equivalence ratio depends on the pressure regime. Indeed, at 1 atm s ign are longer at / ¼ 1 than at / ¼ 0.5, whereas an opposite trend is observed at higher pressures. The pressure effect on s ign is also less dramatic when hydrocarbons are present in the fuel composition.
Compared to the bio-derived syngas mixtures, coal-derived syngas typically contains a smaller amount of hydrocarbons (except C 2 H 6 according to Ref. [15] ). The specific hydrocarbons are nevertheless the same, and the trends observed with the biomass-derived syngas are logically similar, but less pronounced, for the coal-derived syngas. Therefore, the effects of hydrocarbon additions on the bCoalsyn mixture are not shown in this paper but are visible in the conference paper [44] .
Flame Speed. The effect of hydrocarbon addition on S L for the bBiosyn mixture at 1 atm and at Tu ¼ 300 K is visible in Fig. 8 . At this condition, the behaviors observed for the ignition delay time are also visible on the laminar flame speed. Indeed, a very small increase of S L can be seen for the addition of C 2 H 2 for / lower than 1.5 (a small decrease in S L is, however, observed for equivalence ratios larger than 2.0) whereas the addition of CH 4 , C 2 H 6 , and C 2 H 4 notably decreases S L , especially at fuel rich conditions. The decrease of S L is, however, very important for C 2 H 6 and, to a lesser extent, for C 2 H 4 compared to CH 4 given their respective concentrations (0.8, 5.3, and 15%). Finally, it is visible predicted that S L are significantly smaller for the bBiosyn-HC mixture, where all the hydrocarbons are present, with nearly a factor-of-2 lower peak flame speed compared to the bBiosyn blend. At an equivalence ratio of 2.0, S L is more than ten times higher for the bBiosyn mixture than for the bBiosyn-HC mixture. Similar observations can be made for a higher inlet temperature of 500 K [44] . This 200 K increase in the unburned gas temperature leads to an increase in S L by a factor larger than two. An increase in the pressure translates into a reduction of S L by around 40% for the baseline mixture. This reduction is also observed for the mixtures with hydrocarbons in even higher proportions [44] . Figure 9 shows computed results for a high pressure of 15 atm and with Tu ¼ 500 K. At this high-pressure/high-temperature condition, the effect of CH 4 and C 2 H 6 addition on S L can be distinguished below / ¼ 1.25, which was not the case for the lower-pressure conditions investigated (Fig. 8) . It can be seen that S L for the bBiosyn-HC mixture is very close to the flame speed yielded by the mixture with CH 4 alone, indicating a stronger influence of CH 4 as the pressure increases. This effect was also observed for the lower gas temperature [44] . Finally, it has been seen that the significant increase in S L with the increase of Tu observed at 1 atm is also observed at 15 atm [44] . Although the hydrocarbon concentration is typically smaller for a coal-syngas mixture, it is, however, interesting to notice that the concentration of C 2 H 6 can be higher than for a bio-derived syngas according to [15] (1.7 versus 0.8%, respectively). As seen above, the addition of C 2 H 6 demonstrated an important impact on S L for the baseline bio-syngas mixture.
At 1 atm and at an inlet temperature of 300 K, it can be seen in Fig. 10 that below / ¼ 1.7, S L is slower for an addition of 1.7% of ethane than for an addition of 7.4% methane with the coal-syngas.
Above this equivalence ratio, the S L of the mixture containing CH 4 drops rapidly, and the shape of the curve for the bCoalsyn-HC mixture is similar to the curve for the bCoalsyn-CH 4 mixture. It is also worth noting that the laminar flame speed is increased by the addition of CH 4 below / ¼ 1.3 for the coalsyngas, and this increase was not observed with the bio-syngas mixture, as noted above.
As can be seen in the conference version of this paper [44] , similar behaviors are observed at higher pressure, except that the S L of the mixture containing methane no longer presents a higher flame speed than the baseline mixture on the fuel lean side. For an inlet temperature of 500 K, higher S L are observed, but behaviors at 1 and 15 atm (Figs. 21 and 22 in the conference version [44] , respectively) are the same as those at 300 K [44] .
Averaged Syngas Mixtures
Ignition Delay Time. The comparison at 1, 10, and 35 atm between the ignition delay time of the bBiosyn (H 2 /CO as fuel only) and the Biosyn (H 2 /CO/CH 4 as fuel plus water, CO 2 , and N 2 ) mixtures is visible in Fig. 11 . As can be seen, there is a large difference between the ignition delay times of these two mixtures, regardless of the pressure investigated (even if differences are mostly seen at high temperatures for the two high-pressure conditions). This figure illustrates the need to take into account components other than CO and H 2 for syngas composition. A similar behavior was observed between the bCoalsyn and Coalsyn mixtures, although the differences are not as large as for the bioderived syngas (see Ref. [44] ). Figure 12 compares the evolution of s ign as a function of temperature and pressure for the Biosyn and Coalsyn mixtures. As can be seen, the differences in the composition of these mixtures induce some differences in the ignition delay time that cannot be neglected. At 1 atm, the Coalsyn mixture is notably more reactive than the Biosyn mixture, especially for temperatures above 1150 K. At 10 atm, the reactivity of the two mixtures is about the same between 900 and 1100 K. Above this temperature, s ign for the Biosyn mixture is significantly longer than for the Coalsyn mixture. For the highest pressure investigated, the reactivity of the two mixtures is nearly the same; some small differences are observed, however, at the extremities of the range of temperature investigated.
The effect of the equivalence ratio on the Biosyn and Coalsyn mixtures can be seen in the full conference paper [44] . Trends are the same for the two mixtures and, at 1 atm, an increase in / leads Fig. 10 Laminar flame speed as a function of hydrocarbon addition for the baseline coal-syngas mixture (bCoalsyn) at 1 atm and at an inlet temperature of 300 K Fig. 11 Comparison between the ignition delay times of a baseline bio-derived syngas (50 H 2 /50 CO as fuel), bBiosyn, and of an averaged bio-derived syngas (H 2 /CO/CH 4 as fuel plus water, CO 2 and N 2 ), Biosyn Fig. 9 Laminar flame speed as a function of hydrocarbon addition for the baseline bio-syngas mixture (bBiosyn) at 15 atm and at an inlet temperature of 500 K to longer s ign over the entire range of temperatures investigated. For a higher pressure, 10 atm, a similar behavior can be observed above 1250 K. Below this temperature, s ign is slightly reduced by the increase in /. At 35 atm, s ign is decreased over the entire range of temperature as / is increased, the difference being more important at low temperatures.
Laminar Flame Speed. The effects of the initial pressure and temperature conditions on S L for the bBiosyn and Biosyn mixtures are visible in Fig. 13 . As can be seen, fuel composition, temperature, and pressure are very important parameters for the prediction of flame speed. Between the two extreme conditions (300 K, 15 atm and 500 K, 1 atm), the maximum flame speed varies by a factor 4.5 for the bBiosyn mixture and by a factor 10 for the Biosyn mixture. The flame speed for the Biosyn mixture is significantly lower (factor of 4 or more depending on the initial pressure and Tu condition) than for the bBiosyn mixture, and the maximum flame speed is significantly closer to stoichiometric than the bBiosyn mixture, where the maximum flame speed is around / ¼ 2.0 regardless of the initial conditions. It is also interesting to note the effects of the fuel composition with regards to the initial conditions. Indeed, the laminar flame speed is higher at 500 K, 15 atm than at 300 K, 1 atm for the bBiosyn mixture, and a reverse order was found for the Biosyn mixture. Figure 14 shows the effects of the initial pressure and temperature on S L for the bCoalsyn and Coalsyn mixtures. Compared to what was observed for the bio-derived syngas, it is worth noting that the laminar flame speeds of the averaged mixture (Coalsyn) are proportionally not as low compared to the S L of the bCoalsyn mixtures. Trends related to initial pressure and temperature conditions are, however, similar between the coal-and bio-derived syngases.
The flame speeds of the Biosyn and Coalsyn mixtures at various pressure and Tu conditions (300 K, 1 atm; 500 K, 1 atm; 300 K, 15 atm; and 500 K, 15 atm) are compared in Fig. 15 . As can be seen, there is a strong influence of both the initial conditions and the syngas composition on S L . For a given composition, the flame speed follows the order: 500 K, 1 atm > 300 K, 1 atm > 500 K, 15 atm > 300 K, 15 atm. At 500 K, the calculated flame speeds are much higher (factor 2.4) than those calculated at 300 K, 1 atm, with the peak flame speed for the base mixture being 432 cm/s at / ¼ 2.3, while at 300 K the peak is at 191 cm/s at / ¼ 2.1. The influence of pressure is also observable, and it is seen that increasing the pressure from 1 atm to 15 atm makes S L decrease by approximately a factor of 2.2; however, again, the relative effect of each blend component on S L prediction for the base mixture are generally the same. At high pressure, increasing the temperature from 300 K to 500 K also leads to flame speeds increasing by a factor of approximately 2.4. Overall, one can see that the flame speeds are higher and with a larger flammability domain for the Coalsyn mixture than for the Biosyn mixture. This result is certainly due to the lower amounts of methane, N 2 , and CO 2 in the coal-derived syngas.
Discussion
During this study, an important effect of pressure has been seen on s ign of the baseline mixtures, where some important curvatures have been observed for the evolution of s ign with the temperature, depending on the pressure. As mentioned before, these pressure/ temperature behaviors are due to the competition between a few reactions in the H 2 chemistry. As documented in Ref. [33] and in many other places in the literature, these behaviors are in general due to the competition between two reactions: the chainbranching reaction HþO 2 ! OþOH (R1) and the chainpropagating reaction HþO 2 (þM) ! HO 2 (þM) (R2). The reactivity is indeed controlled by R1 at high temperature and by R2 at low temperature. When the pressure is increased, the transition from R2 to R1 is shifted to higher temperature due to the increased collisional efficiency of R2, which decreases the reactivity. Thus, at the intermediate temperature range, low-pressure experiments show a stronger reactivity than high-pressure experiments, resulting in this unusual crossover behavior. Note that for the higher pressure and lower temperatures, R2 can actually act as a chain termination reaction through the formation of H 2 O 2 via
To better understand the effects of various additions to the ignition delay times of the baseline CO/H 2 mixtures, sensitivity analyses were performed for some selected conditions. The effect of CH 4 addition was investigated with the bBiosyn-CH 4 mixture. The fact that the effects of CH 4 addition are more important on the higher-temperature side than on the lower-temperature side indicates that CH 4 interferes with the branching reaction H þ O 2 ! O þ OH (R1). The condition at 1 atm, 1400 K was therefore selected for investigation (corresponding to the region where CH 4 is having the most influence on s ign compared to the other hydrocarbons). The sensitivity analysis showed several sensitive reactions involving CH 4 that consume important radicals for the hydrogen chemistry and therefore decrease the reactivity:
The latest reaction is therefore competing directly with R1 for H atoms, the dominant reaction in hydrogen chemistry at this condition.
Note that some CH 3 will also react via
, further decreasing the R1 channel and the overall reactivity of the mixture. The same reactions are also involved at higher pressure on the high-temperature side of the curve, where CH 4 addition showed an effect on s ign . The effect of a 5.3% C 2 H 4 addition was also investigated at 1 atm, 900 K, since this condition corresponds to the region where the largest difference with the baseline mixture was observed among all the hydrocarbon additions (Fig. 5) . Sensitivity analysis showed that the most sensitive reaction involving C 2 H 4 (and third most sensitive reaction overall) is the reaction C 2 H 4 þ H (þM) ! C 2 H 5 (þM). This reaction consumes H radicals and hence competes with R1, therefore reducing the reactivity of the mixture. These conclusions are also valid for the coal-syngas mixtures, where similar effects were observed but with a lower intensity due to the lower concentration of hydrocarbons.
Concerning the laminar flame speed, it is important to dissociate the effect of the flame temperature from the effect of the chemistry to explain the variations in S L observed. Figure 9 shows a plot of S L as a function of / for the series of hydrocarbon additions in the bBiosyn mixture, with the corresponding flame temperatures plotted as a function of equivalence ratio in Fig. 16 . It is observed that the order of reactivity is generally reflected in the flame temperatures, in that flames with higher flame temperatures also have higher predicted S L , but this is not always the case. We have chosen to discuss the effect of additive blend on bBiosyn flame speed at 1 atm and 300 K, as this generally represents a Thus, in contrast to all other mixtures, the higher flame speed of the base mixture is not reduced by C 2 H 2 addition since pure C 2 H 2 also shows high flame speeds. Jomaas et al. [45] showed that acetylene flames have very high flame temperatures with correspondingly high flame speeds that peak at approximately 135 cm/s at Tu ¼ 298 K and at a pressure of 1 atm. In the same study and for the same initial conditions, the peak flame speed for ethylene was found to be approximately 70 cm/s. It is also well known that for atmospheric flames at Tu ¼ 298 K, peak flame speeds for unsaturated hydrocarbons are all approximately 35-40 cm/s [46] . For the cases of hydrocarbon additions other than C 2 H 2 , namely bBiosyn-CH 4 , bBiosyn-C 2 H 4, bBiosyn-C 2 H 6 , the situation is very different. For these mixtures, the predicted S L are slower than for the bBiosyn mixture. In the case of ethylene (C 2 H 4 ¼ 5.3%) they are considerably slower, peaking at an equivalence ratio of approximately 1.4 and are much slower compared to the base mixture for richer fuel conditions. For the bBiosyn-CH 4 and bBiosyn-C 2 H 6 mixtures, flame speeds are much slower, whereas relatively slowest flame speeds are predicted for the cumulative mixture where all hydrocarbons are added at once. These results are true even though the flame temperatures are lower, but not significantly lower, compared to those calculated for the base mixture.
It should be noted that S L are particularly affected for rich mixtures, where hydrocarbon fuel radicals act as hydrogen-atom radical scavengers and inhibit reactivity, particularly at equivalence ratios of approximately 1.3. This scavenger behavior is especially true for the bBiosyn-C 2 H 6 mixture, where the reduction in S L is remarkable for such a small concentration of ethane added (0.8%), thus the effect of ethane addition is certainly kinetic and not thermal in this case. The bBiosyn-C 2 H 6 mixture has a flame temperature of 2363 K at / ¼ 1.1 compared to 2393 K for the base Fig. 16 Flame temperature as a function of additive blend for bio-syngas at 1 atm and an inlet temperature of 300 K mixture. The decomposition of ethane leads to the formation of two methyl radicals via the reaction C 2 H 6 ( þ M) ! CH 3 þ CH 3 (þM). The subsequent reaction of methyl radicals with hydrogen atoms, CH 3 þ H (þM) ! CH 4 (þM), acts as a radical sink for hydrogen atoms, competing with the main chain-branching reac-
For the bBiosyn-CH 4 mixture too, similar kinetics lead to the same reduction in S L , but with the added thermal effect of 15% methane addition reducing the flame temperature (2342 K at / ¼ 1.1) relative to the base mixture (2395 K at / ¼ 1.1) and the bBiosyn-C 2 H 6 mixture (2363 K at / ¼ 1.1). For ethylene addition (C 2 H 4 ¼ 5.3%), the situation is mainly affected by the chemical kinetics of the system. For example, Fig. 16 shows that the flame temperatures of the ethylene-diluted mixtures (2190 K at / ¼ 1.7) are similar to those of base mixture (2202 K at / ¼ 1.7). Ethylene oxidation leads to the formation of vinyl radicals, which react with hydrogen atoms in the reaction C 2 H 3 þ H ! C 2 H 2 þ H 2 , a chain termination reaction, consuming two radical species and decreasing the S L .
The bBiosyn mixture (CH 4 ¼ 8.5%, H 2 O ¼ 20%, N 2 ¼ 13%, CO 2 ¼ 15%) has the lowest predicted flame speeds. This result is due to the kinetic effect of methane addition on the rich side, producing methyl radicals which act as radical sinks for hydrogen atoms as discussed before and to some dilution effect of the displacement of the fuel with a large concentration of water, nitrogen, carbon dioxide, and methane. For the case of water and N 2 addition, flame speeds are reduced by the thermal dilution effect across the entire equivalence ratio range. Das et al. [17] have shown that, for a 50/50 H 2 /CO syngas mixture, laminar flame speed monotonically decreases with water addition, indicating the dominance of the thermal effect of water addition. They also found that by performing a chemical kinetic analysis under these conditions, the chemical effect of water addition was not pronounced. On the lean side, there is an additional kinetic effect of the addition of CO 2. Indeed, the addition of CO 2 enhances the rate of the reaction CO 2 þ H ! CO þ OH, reducing the concentration of hydrogen atoms in the system, and thus reducing flame speed as any reaction that competes with H þ O 2 ! O þ OH inhibits reactivity. The CO 2 also reduces the reactivity of the mixture via R2 through a third body effect. Note that these conclusions, drawn at 300 K, 1 atm, are also valid at higher pressure and temperature conditions, where the figures for flame speeds and temperatures as functions of / for the bio-and coal-syngas mixtures offer similar behaviors (not shown).
Conclusion
Due to the large variety of feedstock and production methods, the nature (beside H 2 and CO) and proportion of components entering into the composition of syngas can vary significantly. To investigate how the variation in the hydrocarbon concentration can induce changes in the combustion properties (and introduce design and operation issues for gas turbines), s ign and S L were computed for various mixtures containing hydrocarbons, at various temperature, pressure, and equivalence ratio conditions.
Results showed some important effects from hydrocarbon addition on the ignition delay time, where the ratio between CO and H 2 was found to be of relatively small significance. Except for C 2 H 2 , the addition of hydrocarbons increased the ignition delay time under the conditions investigated. This increase in the ignition delay time varies with the nature of the hydrocarbon, its concentration, and the pressure and temperature range. At 10 and 35 atm, s ign is increased only on the high-temperature side of the curve whereas s ign is increased over the entire range of temperatures at 1 atm, even though a stronger decrease in the reactivity is observed below 1000 K. If CH 4 and C 2 H 4 have demonstrated a greater inhibiting effect on s ign , ethane was found to be of larger importance for the flame speed with regards to its concentration. These effects of hydrocarbon addition are due to reactions of these hydrocarbons and/or their radicals with the radical H, hence competing with the most important promoting reaction H þ O 2 ! O þ OH in these conditions. The baseline coal-and bio-derived syngases, both neat and doped with hydrocarbons, have been compared to averaged syngases. For each type of these averaged syngases, a relatively important difference in the ignition delay time was observed when put side by side with the corresponding baseline mixtures (bBiosyn and bCoalsyn). Great variations in S L were also observed, due to both chemical and flame temperature effects. These results indicate that the baseline CO/H 2 mixtures generally studied are not in many cases good candidates to study syngas combustion at actual gas turbine conditions (mostly in terms of fuel-air concentration and pressure). Experimental results are still needed to confirm and possibly improve the model predictions for realistic syngas combustion under these gas turbine conditions.
